Conventional binaural model or binaural hearing assistance systems have a well known ambiguity in front-back discrimination which is called as "front-back confusion" or "cone of confusion" in psychoacoustics. It is known that spectral cue of sound provides keys to solve this confusion in binaural listening condition and the peaks and notches of spectral components play main role to estimate the vertical angle in sagittal coordinate. In this paper, a frequency domain binaural model with front-back discrimination method using artificial neural model is proposed and examined for various HRTF catalogs. The performance of the model is examined for simulated conditions using various HRTF catalogs and the results show similar discrimination capability even if the learning process should be done for each catalogs. The experimental results using a dummy head is also provided.
INTRODUCTION
There are many methods to estimate sound source direction using a set of two sensors; either ear or microphone. Because of symmetrical configuration of sensors, those methods can estimate only angle against the line connecting two sensors and there is a corn shape ambiguity which is so-called "corn of confusion" in the field of psychoacoustic. A frequency domain binaural model (FDBM) [Nakashima, 2003 ] is one of those methods and it has a directional selectivity on horizontal coordinate based on an interaural level and phase differences (ILD and IPD) . One of important application of FDBM is a binaural hearing assistance system which works well for frontal hemisphere, however it has front-back confusion as shown in Figure 1 (a) . In the previous paper, a new hearing assistance system which has directivity control capability without front-back confusion using binaural inputs was proposed as the extension of conventional FDBM [Usagawa, 2012] . The front-back discrimination is realized by means of spectral cues using an artificial neural network (ANN) [Rumelhar,1986] , and it is combined with the conventional directivity control of FDBM as shown in Figure 1(b) . The proposed front-back discrimination method is inspired by the evidence that a lateral angle relates to interaural phase difference (IPD) and interaural level difference (ILD), where a vertical angle relates to spectral cues in the sagittal coordinate (Figure 2) [Morimoto, 1984] [Iida, 2010] .
Because the proposed front-back discrimination method was only confirm on HRTF catalog obtained from KEMAR dummy head, this paper examines effects of HRTF catalogs and ambient noise for front-back discrimination function.
(a) Conventional FDBM (b) FDBM with front-back discrimination FIGURE 1. Directional characteristics of frequency domain binaural model; (a) The conventional FDBM implemented on a portable device, iPod TouchR. Set directivity is (-20, +20) degree of front side, but there is a lobe in back side as well (b) FDBM with front-back discrimination function [Usagawa, 2012] . 
A BINAURAL HEARING ASSISTANCE SYSTEM WITH FRONT-BACK DISCRIMINATION CAPABILITY
A block diagram of the binaural hearing assistance system with front-back discrimination capability is shown in Figure 3 . Left and right input signals observed at ear positions, l(t) and r(t), are sampled then converted into spectral components. Observed ILDs and IPDs at each frequency bin are used to estimate a direction of sound source as the conventional FDBM [Nakashima, 2003] . This estimation method works well for hamisphere, however there is a front-back confusion as shown in Figure 1 (a). In order to avoid this confusion, the front-back discrimination block is introduced and the segregation filter works based on the output of front-back discrimination block. (1) and (2).
is a cross-spectrum defined as
in which * represents a complex conjugate.
The sound source direction is estimated by means of observed IPD and ILD for each frequency bin utilizing the map of IPD/ILD and sound source direction obtained from a HRTF catalog.
A method for front-back discrimination
Quadrant on horizontal plan can be expressed as
for (n=-2, -1, 0, 1) by a lateral angle D as Figure 4 . According to the results of psychoacoustical experiments reported by [Morimoto, 1984] [Iida, 2007] , cue of quadrant segmentation for human beings seems to be a spectral structure of HRTF. It provides a hint to construct a quadrant segmentation method using an ANN with observed ILDs over frequency range as shown in Figure 5 . Used ANN has three layers: input layer, interlayer, and output layer. Input layer receives L ILD data obtained by FFT where L is the number of frequency bins. The input layer has L+1 neurons where L neurons for ILD data and a neuron used to train the threshold of logistic function receiving the constant 1.0. The number of neurons in the interlayer is fixed to 21 based on the preliminary simulation results for 16 kHz sampling with 512 point FFT condition.
In this method, a sound source direction is segmented into four segments; front-right (FR), front-left(FL), backright(BR) and back-left(BL) and this segmentation is called quadrant segmentation. The output layer of ANN for the quadrant segmentation is consists of four neurons which produce four outputs; 
Segregation filter and reproduction of output signals
Based on the estimated direction of sound source for each frequency bin and the result of quadrant discrimination of sound source direction, observed spectral components are segregated then they are converted into enhanced left and right signals in time domain. The segregation filter processes the spectral components as FFT block with 50% overlapping. 
SIMULATION SETUP AND RESULTS

Simulation Setup
Training of ANN for front-back discrimination is made using HRTF catalog of the KEMAR and B&K 4128 Dummy-Head microphone, which are provided by Nagoya University [Nakado, 2008] . The condition of training and simulation is shown in Table 2 . Training is made using white noise for various positions; lateral angle varies as 
Obtained directional characteristics of the proposed system
Target direction is set around median plan in frontal hemisphere. Figure 6 shows the directivity characteristics by FDBM with front-back discrimination capability. Figure 6 (a) and (b) are observed by a signal source of White Noise, and (c) and (d) are observed by Pink Noise. Also Figure 6 (a) and (c) are obtained using KEMAR's HRTF catalog and (b) and (d) are obtained using B&K's. As shown in those figures, the FDBM with front-back discrimination capability works well to control the directivity characteristics only for frontal side as designed. Table 3 shows the averaged estimation accuracy of front-back discrimination for various type of signals; White Noise, Pink Noise, Male Voice and Female Voice. The accuracy is deteriorated for Male and Female Voice up to 4 points, however for all examined cases, the accuracy is higher than 96%. Note that all cases shown in Figure 6 and Table 3 are obtained without ambient noise.
Statistically independent white noise is introduced as an ambient noise for binaural inputs, and the effect on the estimation accuracy of front-back discrimination is obtained as shown in Figure 7 (a) through (d) for SNR=10dB, 20dB, 30dB and 40dB. Also the averaged estimation accuracy is shown in Table 4 . As shown in Figure 7 Figure (b) , the directivity remains for SNR=20dB, and there is no significant deterioration for SNR=30dB and 40dB from the case without ambient noise shown in Figure 6 (b). Those tendencies are also shown in Table 4 . 
